Neutral endopeptidase (NEP) is a cell surface peptidase that catalytically inactivates a variety of physiologically active peptides including basic fibroblast growth factor (FGF-2). We investigated the effect of using lentivirus to overexpress NEP in NEP-deficient DU145 prostate cancer cells. Third-generation lentiviral vectors encoding wild-type NEP (L-NEP), catalytically inactive mutant NEP (L-NEPmu), and green fluorescent protein (L-GFP) were stably introduced into DU145 cells. FGF-2 levels in cell culture supernatants decreased by 80% in L-NEP-infected DU145 cells compared to cells infected with L-NEPmu or L-GFP (Po0.05) while levels of other angiogenic factors were not altered. In vitro tubulogenesis of human vascular endothelial cells induced by conditioned media from DU145 cells infected with L-NEP was significantly reduced compared with that from DU145 cells infected with L-GFP (Po0.05). Tumor xenografts from L-NEP-infected DU145 cells were significantly smaller compared to control cell xenografts and vascularity within these tumors was decreased (Po0.05). Our data suggest that stable expression of NEP in DU145 cells inhibits prostate cancer tumorigenicity by inhibiting angiogenesis, with a probable mechanism being proteolytic inactivation of FGF-2.
Introduction
Neutral endopeptidase (NEP, neprilysin, CD10) is a 90-110 kDa type II integral membrane protein member of the M13 family of zinc peptidases, possessing an extracellular C terminus that contains an active catalytic domain that cleaves peptide bonds on the amino side of hydrophobic amino acids.
1,2 NEP inactivates multiple physiologically active peptides, including atrial natriuretic factor, substance P, bradykinin, oxytocin, Leu-and Met-enkephalins, neurotensin, bombesin, endothelin-1 (ET-1), and b-amyloid. We recently reported that basic fibroblast growth factor (FGF-2) is a previously unidentified NEP substrate. 3 NEP catalytically inactivates FGF-2 by cleavage between residues leucine135 and glycine136 resulting in a biologically inactive FGF-2 protein and impairs FGF-2-stimulated angiogenesis. 3 NEP is normally expressed on a variety of tissues, including prostatic epithelial cells. Expression of NEP is frequently decreased or lost in prostate cancers via hypermethylation of the NEP promoter or following androgen withdrawal. [4] [5] [6] Loss of NEP in prostate cancer cell lines results in increased peptide-mediated cell growth, cell migration and invasion, and ligandindependent activation of the insulin-like growth factor-1 receptor leading to Akt phosphorylation. 4, 7, 8 Loss of NEP in vivo in primary prostate cancers correlates with increased Akt phosphorylation, and predicts biochemical relapse in patients who have undergone radical prostatectomy. 6, 9 Together, these studies suggest that NEP loss contributes to prostate cancer progression.
To assess the antitumor effects of re-expressing NEP, we previously used a tetracycline-repressible system (Tet-off) to regulate NEP expression in TSU-Pr1 cells, which at that time were believed to be of prostate cancer derivation but subsequently were shown to derive from a bladder cancer cell line. 10 In those studies, tetracyclineregulated expression of NEP resulted in inhibition of cell growth, cell migration and tumorigenesis in an orthotopic model of prostate cancer, 4, 7, 11 indicating that NEP functioned in part as a tumor suppressor. To extend these observations in a prostate cancer cell line model, and to simultaneously assess if NEP could be delivered to prostate cancer cells using a delivery system that would have greater clinical relevance, we examined a lentiviral gene delivery system. Lentiviruses such as human immunodeficiency virus type-1 have been developed for in vitro and in vivo gene delivery. 12, 13 Lentiviral vectors have numerous advantages for gene delivery, including the ability to infect non-dividing cells, longterm transgene expression and absence of induction of host inflammatory and immune responses. 12 Recent studies have begun to examine their utility in cancer gene therapy. Pellinen et al.
14 reported a 50-95% lentiviral gene transfer efficiency in studies of 42 tumor cell lines from 10 different human tumor types, and lentiviralmediated inhibition of cell growth and/or tumor formation in athymic mice have been demonstrated in prostate cancer, [15] [16] [17] [18] liver cancer, 19 oral squamous cancer, 20 cervical cancer 21 and melanoma. 19, 22 We chose to evaluate the effect of lentiviral vector-mediated NEP transfer in NEP-deficient DU145 cells. We report here that lentivirus is an effective tool for NEP transfer into prostate cancer cells and results in significant inhibition of tumorigenesis, with a probable mechanism being inhibition of FGF-2-mediated angiogenesis.
Materials and methods

Cells and reagents
The androgen-independent metastatic prostate cancer cell line DU145 was obtained from the American Type Culture Collection (Manassas, VA, USA) and grown in RPMI 1640 medium supplemented with 2 mM glutamine, 1% nonessential amino acids, 100 U/ml streptomycin and penicillin, and 10% fetal calf serum (FCS). Human umbilical vein endothelial cells (HUVEC) were isolated and maintained as described previously. 23 Antibodies used in this study include anti-NEP antibody (NCL-CD10-270, Novocastra Laboratories Ltd, Newcastle upon Tyne, UK), fluorescein isothiocyanate (FITC)-conjugated anti-NEP antibody (J5, Beckman Coulter, Fullerton, CA, USA), anti-phospho-Akt antibody (Ser473) (Cell Signaling Technology Inc., Beverly, MA, USA), anti-Akt antibody (Cell Signaling Technology), anti-phospho-FAK antibody (Tyr397, Biosource, Camarillo, CA, USA), anti-FAK antibody (C-20, Santa-Cruz Biotechnology Inc., Santa Cruz, CA, USA), anti-phosphatase and tensin homolog (PTEN) antibody (A2B1, Santa-Cruz Biotechnology Inc.) and anti-alpha smooth muscle actin (aSMA) antibody (Dako Cytomation, Carpinteria, CA, USA).
Lentiviral vector production and transduction
A four-plasmid expression system was used to generate third-generation lentiviral vectors by transient transfection as described previously. 12, 13 The vector plasmids that expressed green fluorescent protein (L-GFP), wildtype NEP (L-NEP) or enzymatically inactive mutant NEP (L-NEPmu) driven by the human cytomegalovirus promoter were constructed as described. 12, 13 The lentiviral vector titers were estimated by flow cytometric analyses (fluorescence-activated cell sorting (FACS)) as described previously.
13 DU145 cells were transduced with L-GFP, L-NEP or L-NEPmu at the indicated multiplicity of infection (MOI) in the presence of 6 mg/ml polybrene (Sigma-Aldrich, St Louis, MO, USA) for 72 h.
NEP enzyme activity assay NEP-specific enzyme activities in the transduced cells and tissues were assessed as described using Suc-AlaAla-Phe-pNA (Bachem Bioscience Inc., Philadelphia, PA, USA) as substrate. 24 Specific activities were expressed as picomoles per microgram of protein per minute and represent an average of two separate measurements performed in duplicate.
Cell proliferation assay DU145 cells were plated in six-well plates (5 Â 10 3 /well in triplicate) overnight and then infected with lentiviral vectors. The total cell number was counted at the indicated time. Results were expressed as an average of two separate measurements performed in triplicate.
Matrigel invasion assay
Invasion was assessed using Matrigel-coated Biocoat cell culture inserts (BD Biosciences, San Jose, CA, USA) with 8-mm pores in 24 wells, as described previously. 25 Briefly, a suspension of 5 Â 10 4 cells in serum-free RPMI were added to each insert and RPMI supplemented with 10% FCS were added to the bottom of each well. The plates were incubated for 24 h at 371C. Inserts were fixed and stained with Diff-Quik Stain Set (Dade Behring Inc., Deerfield, IL, USA), and cells invading through each of the Matrigel-coated transwell inserts were counted at Â 40 magnification. Results were expressed as an average of two separate measurements performed in triplicate.
Immunoblotting and immunoprecipitation
Immunoblotting and immunoprecipitation were carried out as described previously. 26, 27 For immunoprecipitations, 600 mg of precleared total cell lysates were incubated with 2 mg of anti-PTEN antibody for 2 h at 41C and 40 ml of protein G-Sepharose beads (Amersham Pharmacia Biotech, Piscataway, NJ, USA) for 1 h. Protein complexes were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis and detected with the appropriate antibody.
Determination of growth factors secretion
Stably transduced DU145 cells were plated at 1 Â 10 4 cells/well in six-well plates in RPMI 1640 containing 10% FCS for 24 h, and then were washed with serum-free medium and cultured for an additional 48 h in serumfree medium. The medium was collected and centrifuged. The levels of growth factors in the supernatants were analyzed using a Beadlyte growth factor detection kit (Upstate Biotechnology, Lake Placid, NY, USA). Results were expressed as an average of two separate measurements performed in triplicate.
Real time reverse transcription-PCR
Total RNA was extracted with Trizol (Invitrogen, Carlsbad, CA, USA) following the manufacturer's instructions. One microgram of total RNA was then reverse-transcribed into cDNA using Superscript FirstStrand Synthesis system for reverse transcription PCR (RT-PCR; Invitrogen). Real-time RT-PCR was performed using SYBR Green PCR Master Mix with the ABI Prism NEP inhibits prostate cancer tumorigenesis A Horiguchi et al 7700 Sequence Detector (Applied Biosystems, Foster City, CA, USA) following the manufacturer's instructions. The PCR primer pair used for FGF-2 was described previously. 28 Results were obtained as an average of measurements performed in triplicate.
HUVEC tube formation assay
Transduced DU145 cells were plated at 1 Â 10 4 cells/well in six-well plates in RPMI 1640 containing 10% FCS for 24 h, and then were washed with serum-free medium and cultured for an additional 48 h in serum-free medium. The medium was collected and centrifuged and used as conditioned media. A 96-well plate was coated with 10 mg/ml of growth factor-reduced matrigel (BD Biosciences) at 371C for 30 min. HUVECs (1.5 Â 10 4 cells/well) were cultured in a 96-well plate coated with matrigel in conditioned media from transduced DU145 cells for 18 h and the total length of tube-like structures of five randomly chosen microscopic fields was measured by Image J software.
Assessment of tumorigenicity of transduced DU145 cells
Transduced DU145 cells (5 Â 10 6 cells) were inoculated subcutaneously into the flanks of nude mice (Taconic, Hudson, NY, USA). The tumor volumes were monitored every 3 or 4 days. Tumor volume was estimated by using the formula volume ¼ width 2 Â length Â 0.52 in mm 3 . At day 29, the mice were killed, and the tumors were removed for further experiments. Animal experiments were reviewed and approved by the Institutional Animal Care and Use Committee.
Immunohistochemistry
Immunohistochemistry was performed using DAKO EnVision þ system HRP (DAKO) according to the manufacturer's instruction. Vascularity in each tumor specimen was estimated using anti-aSMA antibody (DAKO). Three areas of vascularization were selected under a light microscope with a 200-fold magnification and the mean count of those areas was recorded for each tumor section.
Statistical analysis
All analyses were performed using StatView 5.0 (SAS Institute Inc., Cary, NC, USA). Results were expressed as the mean7s.e. for three independent measurements in two separate experiments. Analysis of variance was used for analyses of continuous data followed by Fisher's protected least significant difference for post hoc analyses. Differences with a Po0.05 were determined as statistically significant
Results
Lentiviral transduction of wild-type and enzymatically inactive mutant NEP
Lentivirus vectors expressing wild-type NEP (L-NEP), NEP with a point mutation in the extracellular catalytic domain rending the protein enzymatically inactive (L-NEPmu) or control GFP protein (L-GFP) were each introduced into DU145 cells to examine the efficiency of lentiviral transduction in PC cells ( Figure 1A ). As shown in Figure 1B , NEP protein expressed by L-NEP and L-NEPmu were detected by immunoblot analysis at an MOI of 10, 20 and 50 in a dose-dependent fashion. L-GFP expression was confirmed using an immunofluorescent microscope ( Figure 1C, panel a) . Lentiviral-mediated NEP expression by L-NEP and L-NEPmu were also detected by immunocytochemistry with a FITC-conjugated anti-NEP antibody under immunofluorescent microscope. In DU-NEP and DU-NEPmu cells, clear membranous and perinuclear staining for NEP was observed ( Figure 1C , panels b and c, respectively). To confirm cell surface expression, NEP was analyzed by FACS at MOI 1-50, which showed that 80.372.5 and 80.472.2% of DU-NEP and DU-NEPmu cells were positive for NEP at MOI 50, while 99.470.2 % of DU-GFP cells were positive for GFP at MOI 50 ( Figure 1D ). To confirm that DU-NEP, but not DU-GFP or DU-NEPmu, expressed biologically active NEP, we next performed NEP-specific enzyme assays. At MOI 50, DU-NEP cells possessed a specific activity of 96.57 10.2 pmol/mg/min, whereas DU-NEPmu and DU-GFP cells produced only 1.070.4 and 1.370.7 pmol/mg/min, respectively (Po0.001 vs DU-GFP) ( Figure 1E ). Based on these results, we concluded that lentivirus vector could efficiently transduce NEP into DU145 cells and only L-NEP could generate catalytically active NEP.
Infection of DU145 cells with lentivirus vectors at a higher MOI resulted in virus-induced nonspecific cytotoxicity (data not shown). Therefore, we used lentivirus vector at MOI 50 for further studies. Cells were amplified and stored at À801C following infection and cells of similar passage were used in experiments described below. No difference in protein expression or enzyme activity of NEP and GFP was detected between freshly infected and stored cells.
Lentiviral NEP expression effects on DU145 cells
We previously reported that the re-expression of wild-type NEP using a tetracycline repressive system in NEP-deficient TSU-Pr1 cells resulting in NEP enzyme activity of 1180 pmol/mg/min, a 10-fold higher specific activity than that achieved in DU145 cells infected with L-NEP. Expression of NEP in TSU-Pr1 cells resulted in significant inhibition of cell growth and cell invasion. 4, 7, 11, 27 In contrast, cell proliferation or cell invasion in DU-NEP cells was no different than DU-NEPmu or control DU-GFP cells (Figure 2a, b) . NEP has been shown to inhibit Akt phosphorylation. 7 Bombesin-induced Akt phosphorylation was only partially, but not completely, inhibited in DU-NEP cells (Figure 2c) . Expression of wild-type NEP can also inhibit peptide-mediated FAK phosphorylation in TSU-Pr1 cells. 27 As shown in Figure 2d , expression of NEP in DU-NEP cells did not alter FAK phosphorylation in DU145 cells. Finally, the NEP protein physically associates with and stabilizes the PTEN tumor suppressor protein via a direct protein-protein interaction between the NEP cytoplasmic domain and a negatively charged phosphorylation site in PTEN C terminus. 26 Immunoprecipitation experiments showed that NEP and PTEN did co-associate in both DU-NEP and DU-NEPmu cells, both of which possess intact cytoplasmic NEP domains but not DU-GFP cells (Figure 2e) . Together, these data show that lentivirus-mediated NEP expression in DU145 cells resulted in moderate levels of NEP 
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A Horiguchi et al (VEGF) into cell culture supernatants, both of which are potent angiogenic factors. 29, 30 Therefore, we measured the concentrations of various pro-angiogenic factors, including FGF-2, VEGF, platelet-derived growth factor (PDGF)-AA, PDGF-AB/BB, epidermal growth factor (EGF) and fms-like tyrosine (FLT-3) ligand in conditioned media from transduced DU145 cells. There were no significant differences in the levels of VEGF, PDGF-AA, PDGF-AB/BB among DU-NEP, DU-NEPmu or DU-GFP cells (Table 1 ). Production of EGF or FLT-3 ligand could not be detected in any of the conditioned media. However, the level of FGF-2 in the conditioned media from DU-NEP cells (25.6710.7 pg/ml) was significantly lower than those from DU-GFP (109.0712.9 pg/ml) or DU-NEPmu cells (102.3735.8 pg/ml) (Po0.05) ( Table 1) . To examine whether decreased concentration of FGF-2 in the conditioned media from DU-NEP cells was due to decreased mRNA expression or posttranscriptional modification, we examined FGF-2 mRNA levels in transduced DU145 cells by real-time RT-PCR. There was no significant difference in FGF-2 mRNA levels among transduced DU145 cells (data not shown).
We next examined the effect of lentiviral NEP expression on in vitro angiogenesis using a HUVEC tubulogenesis assay. Conditioned media from transduced DU145 cells were applied to HUVEC cells plated and cultured in matrigel and the length of tubular structures measured. The length of tubular structures in HUVEC cultured in conditioned media from DU-NEP cells was significantly shorter than those from DU-GFP or DU-NEPmu cells (48.873.3% reduction compared to DU-GFP, Po0.05) ( Figure 3A and B) . Together, these data show that transduced NEP results in the enzymatic inactivation of FGF-2 secreted into DU-NEP conditioned media, resulting in decreased angiogenesis. Moreover, the level of bFGF production observed in the conditioned media from NEP-deficient cells is sufficient to independently support HUVEC tubulogenesis. (Figure 4a) . The mean tumor volume of DU-NEPmu tumors (775.47108.0 mm 3 ) was larger than that of DU-NEP tumors, but did not reach statistical significance (P ¼ 0.0603) (Figure 4a) . The mean value of NEP enzyme activities from protein lysates extracted from DU-NEP tumors was 152.6726.2 pmol/mg/min, which was significantly higher than those of DU-GFP or DU-NEPmu tumors (24.672.05 and 37.474.1 pmol/ mg/min, respectively, Po0.01) (Figure 4b ), suggesting that lentiviral NEP expression was sustained in vivo. Because lentiviral NEP expression had no effect on in vitro cell growth or invasive capacities of DU145 cells, but significantly inhibited production of FGF-2 and in vitro angiogenesis, we hypothesized that decreased angiogenesis reduced tumorigenesis in DU-NEP xenografts. We therefore assessed tumor vascularity by immunohistochemical assessment of smooth muscle actin, a vascular marker. The mean number of vascular structures in DU-NEP xenografts was significantly lower than detected in DU-NEP or DU-NEPmu xenografts (60.2714.5% reduction vs DU-GFP tumor, Po0.05) (Figure 4c) . Moreover, the caliber of vessels in DU-NEP tumor was smaller than those in DU-GFP or DU-NEPmu tumors (Figure 4d ). These results suggested that the lentiviral NEP inhibition of tumorigenesis of DU145 cells was mediated by the anti-angiogenic effect of NEP, through its ability to cleave and inactivate FGF-2.
Discussion
NEP is a cell-surface peptidase with numerous physiologic functions. 31, 32 In recent years, NEP has emerged as an important tumor suppressor gene product. Reduced NEP enzymatic activity facilitates peptide-mediated proliferation by allowing accumulation of higher peptide concentrations at the cell surface, and likely contribute to development or progression of neoplasia. Using prostate cancer as a model, we have demonstrated that the effects of NEP are mediated by its ability to catalytically inactivate substrates such as bombesin and ET-1, but also through direct protein-protein interaction with other proteins such as Lyn kinase (which associates with the p85 subunit of phosphatidylinositol 3-kinase (PI3-K) resulting in NEP-Lyn-PI3-K protein complex), ezrin/radixin/moesin proteins, and the PTEN tumor suppressor protein. Based on these observations, we have explored therapeutic strategies to replace NEP in prostate cancers that are NEP-deficient. Whereas recombinant NEP (rNEP) can inhibit the growth of prostate cancer cells in vitro, 4 we were unable to achieve tumor xenograft growth inhibition via intraperitoneal administration of rNEP in mice, possibly related to the inability to reach a sufficient peak serum concentration of rNEP. 11 In the current study, we used lentiviral vectors to deliver NEP to DU145 prostate cancer cells.
Although NEP was successfully and stably introduced into DU145 cells, we did not observe the degree of in vitro growth inhibition obtained in prior studies using a tetracycline-regulated system. This may result from the fact that we did not achieve sufficient NEP catalytic 
NEP inhibits prostate cancer tumorigenesis
A Horiguchi et al activity in DU145 cells. Marr et al. 13 reported that 293T cells infected with L-NEP at MOI 50 produced an NEP activity of 617 pmol/mg/min, which was approximately sixfold higher than that detected in DU-NEP cells. We previously established TSU-GK27-NEP5 (WT5) cells, which is a stable transfectant with wild-type NEP derived from TSU-Pr1 cells. 4, 11 The WT5 cells showed an NEP enzyme activity of 1180 pmol/mg/min and effectively inactivate neuropeptide-induced signals. 4, 11, 27 Compared to 293T cells infected with L-NEP and WT5 cells, DU-NEP cells showed much lower NEP enzyme activity. The reason for this difference is unclear, although it is possible that expression of higher levels of NEP may be toxic to DU145 cells owing to their dependence on NEP substrates for growth and thus high-expressing cells do not survive in tissue culture.
We recently reported a novel function of NEP as an anti-angiogenic agent by direct proteolytic cleavage of FGF-2 without an effect on VEGF.
3 NEP cleaves FGF-2 between Leu 135 and Gly 136, with the resulting cleavage products lacking angiogenic activity. In the present study, we demonstrated that the concentration of FGF-2, but not VEGF or PDGF, in the conditioned media from DU-NEP cells was significantly lower than conditioned media derived from DU-GFP or DU-NEPmu cells, while no significant difference in the level of FGF-2 mRNA was detected. These results indicate that FGF-2 protein is cleaved by NEP in the extracellular space. Thus, although NEP enzymatic activity in DU-NEP cells was not sufficient to demonstrate an in vitro effect, it was sufficient to cleave endogenous FGF-2 produced by DU145 cells and inhibit tumor growth by inhibiting angiogenesis.
In addition to NEP, loss of other membrane-associated peptidases such as CD13/aminopeptidase N and CD26/ dipeptidyl peptidase (DPPIV) have been also reported in prostate cancer. [33] [34] [35] Recently, Wesley et al. 35 reported an inverse relationship between DPPIV and FGF-2 expression in prostate cancer cells. DPPIV-negative DU145 cells showed high FGF-2 expression, while restoration of DPPIV expression resulted in markedly decreased FGF-2 expression, 35 which was similar to our results. Of note, DPPIV-positive LNCaP cells showed low FGF-2 expression, while inhibition of DPPIV expression resulted in increased FGF-2 expression. 35 While these data support NEP inhibits prostate cancer tumorigenesis A Horiguchi et al the concept that membrane-associated peptidases such as NEP and DPPIV play an important role in the modulation of FGF-2 production by prostate cancer cells, it is unknown whether DPPIV and NEP coordinately regulate FGF-2 levels.
FGF-2 has been studied extensively in prostate cancer. FGF-2 is present at high concentration in prostate cancer tissues, and believed to function as an autocrine or a paracrine growth factor. 36,37 FGF-2 is one of the most potent angiogenic growth factors. A recent study investigated the relative impact of FGF-2 and VEGF on tumor growth and neovascularization concluded that FGF-2 could promote tumor growth and vascularization even in the presence of a high levels of VEGF. 38 Furthermore, FGF-2 is twice as potent as VEGF at equimolar concentration for stimulating angiogenesis. 39 Based on these studies, it is reasonable to suggest that reduced levels of FGF-2 resulted in significant inhibition of angiogenesis, although VEGF from DU145 cells was sevenfold higher than that of FGF-2 and lentiviral NEP expression had no effect on VEGF levels.
Although adenoviruses are useful as vectors for gene transfer, their critical disadvantage is short-term expression. 40 Long-term expression of anti-angiogenic factors may be necessary for inhibiting tumor growth. Lentivirus vectors are attractive tools for human cancer gene therapy based on their ability to achieve long-term stable expression and maintain therapeutic levels of expression. The present study suggests that lentiviral NEP transduction represents a novel therapeutic strategy for prostate cancer and results in inhibition of FGF-2-mediated angiogenesis.
